The expansion of cells for regenerative therapy will require the genetic dissection of complex regulatory mechanisms governing the proliferation of non-transformed human cells. Here, we report the development of a high-throughput RNAi screening strategy specifically for use in primary cells and demonstrate that silencing the cell cycle-dependent kinase inhibitors CDKN2C/p18 or CDKN1A/p21 facilitates cell cycle entry of quiescent adult human pancreatic beta cells. This work identifies p18 and p21 as novel targets for promoting proliferation of human beta cells and demonstrates the promise of functional genetic screens for dissecting therapeutically relevant state changes in primary human cells.
The expansion of cells for regenerative therapy will require the genetic dissection of complex regulatory mechanisms governing the proliferation of non-transformed human cells. Here, we report the development of a high-throughput RNAi screening strategy specifically for use in primary cells and demonstrate that silencing the cell cycle-dependent kinase inhibitors CDKN2C/p18 or CDKN1A/p21 facilitates cell cycle entry of quiescent adult human pancreatic beta cells. This work identifies p18 and p21 as novel targets for promoting proliferation of human beta cells and demonstrates the promise of functional genetic screens for dissecting therapeutically relevant state changes in primary human cells.
Discovery-based research using cultured cells, including chemical and functional genomic high-throughput screens (HTS), 6 are recognized as powerful, comprehensive tools that identify novel components of signaling pathways (1) (2) (3) . However, as cell lines often display genomic instability and loss of biochemical regulatory mechanisms, screens using primary human cells are now necessary to gain physiological insight in areas most relevant to disease. The use of primary human cells for HTS introduces several new challenges, including limited source material, cellular quiescence, heterogeneity in cell type, and variability from donor-to-donor. Phenotypic HTS of collections of small molecules can identify lead compounds for cell biological research and hypothesis generation, yet a lack of understanding of the target and the mechanism of action remains a major impediment to their utility due to off target effects.
Pancreatic islets are composed of five endocrine cell types, including beta cells that respond to elevations in blood glucose and nutrients by secreting insulin. Insulin maintains euglycemia in part by promoting glucose uptake and storage in metabolically sensitive tissues, including liver, muscle, and fat. Type 1 diabetes is characterized by insulin deficiency and hyperglycemia due to an autoimmune-mediated destruction of beta cells. Transplantation of donor islets as a treatment for type 1 diabetes is limited by several factors as follows: donor shortages, side effects associated with immunosuppression, loss of insulin secretion, and even cell death, problems common to treatments for other degenerative diseases (4 -15) . Alternative replacement strategies are currently being developed in which stem cell-derived progenitors are expanded ex vivo prior to transplantation. An additional potential source is adult beta cells themselves; thus acquiring a working knowledge of the molecular mechanisms governing the proliferative behavior of adult beta cells and their progenitors is central to the success of all replacement strategies. However, as adult beta cells proliferate infrequently, and the precise molecular events involved in deriving mature beta cells from precursors is complex, generating an alternative adult source of human pancreatic beta cells for replacement strategies has not yet been achieved (16 -20) . An additional impediment has been the lack of glucose-responsive human beta cell lines, limiting our understanding of the signaling mechanisms involved in beta cell proliferation in cell lines derived from rodent beta cell tumors (insulinomas) and animals (16) . However, recent work has indicated that species differences in the cell cycle proteome may invalidate the use of rodents to understand human beta cell biology (21) (22) (23) (24) (25) .
Taken together, there is now a critical need for approaches that elicit proliferative behavior of mature human beta cells and their progenitors and to establish a working understanding of the underlying mechanisms for precise intervention so as to avoid the risk of unrestricted growth. Here, we address these issues and describe the development and implementation of an HTS approach using RNA interference to analyze proliferation following gene silencing in a mixed population of primary human pancreatic islet cells, and we report that the cell cycle-dependent kinase (CDK) inhibitors CDKN2C/p18 or CDKN1A/p21 are critical negative regulators of human beta cell proliferation.
Experimental Procedures
Antibodies/Reagents-Antibodies for Western blotting were as follows: ␤-actin (Sigma, 1:20,000); p53 (Santa Cruz Biotechnology, 1:1000); pRb (Pharmingen, 1:500) and p21 (Pharmingen 1:500); p27 (Cell Signaling, 1:500); PTEN (Santa Cruz Biotechnology, 1:200); pAKT (Cell Signaling, 1:1000) and AKT (Cell Signaling, 1:1000); LKB1 (Santa Cruz Biotechnology, 1:1000), p18 (Cell Signaling 1:200), and HSP90 (Santa Cruz Biotechnology, 1:1000). Antibodies for immunofluorescence were as follows: insulin (Dako, 1:1000), somatostatin (Dako, 1:1000), and glucagon (Dako, 1:1000). Click-it EdU imaging kit (Life Technologies, Inc.) was used according to the manufacturer's recommendations. The following vectors were from Addgene: pLKO.1-TRC (catalog no. 10878) (26) and pHCMV-LCMV-WE (catalog no. 15793) (27) .
Islet Culture-We used two sources of human pancreatic islets, the NIDDK (National Institutes of Health)-funded Integrated Islet Distribution Program (IIDP islets) at City of Hope and the J. Shapiro laboratory, University of Alberta, Edmonton, Canada (Edmonton islets). Male and female deceased donors were used, ranging in age from 16 to 79 years and body mass index from 20.1-35.7 kg/m 2 , none of which had a prior diagnosis of diabetes. The average purity of the Integrated Islet Distribution Program and Edmonton islets were 91.3 and 42.7%, viability of 94 and 80% respectively. When islet purity was under 85%, islets were picked manually and cultured for up to 30 days at 37°C in a 5% CO 2 atmosphere in non-tissue culture-treated Petri dishes in PIM(S) media supplemented with 5% human AB serum, glutamine/glutathione mixture, and penicillin/streptomycin (all reagents from Prodo Laboratories Inc.). Medium was changed every 2-3 days.
Islet Dissociation and Seeding-Islets were washed in PBS and dissociated with Accutase (1 ml/1000 islets) for 20 -30 min at 37°C, triturating every 5 min for 10 s. Dissociated islets were counted and seeded at a density of 15,000 -20,000 cells/well in a 384-well plate for fluorescence or 60,000 cells/well in a 96-well plate to generate protein extracts. With the exception of the initial plate coating experiment, islets were always seeded on a PDL-coated plate (described below) to facilitate attachment of dissociated cells.
Coated Plate Assay-Six different matrices/surfaces were compared to determine the optimal surface to promote dissociated islet adherence. 384-Well plates were left untreated (tissue culture polystyrene) as a control surface. Matrigel (BD Biosciences), collagen type 1 (Sigma), applied cell extracellular matrix (Applied Biological Materials Inc.), and poly-D-lysine (Sigma) were coated onto the wells of 384-well plates according to the manufacturer's recommendations. HTB-9 extracellular matrix was coated onto 384-well plates as described previously (28, 29) . Dissociated islets were then seeded onto the coated/ uncoated plates, infected with non-targeting shRNA for 96 h, and fixed for immunofluorescence as described below.
GSIS Assay-Human islets were dissociated and seeded at a density of 20,000 cells per well into a 384-well plate in triplicate 96 h before treatment. Dissociated islet cells or whole islets (10 islets per replicate) were equilibrated in 50 l of Krebs-Ringer Buffer (KRB) containing 2.8 mM glucose for 15 min and then incubated in 2.8 mM glucose in KRB (low glucose) for 30 min (cells) or 1 h (islets) prior to stimulation with 16.7 mM glucose in KRB for 30 min (cells) or 1 h (islets). KRB supernatants from 2.8 and 16.7 mM glucose treatments were collected, and insulin amount was determined using an HTRF insulin assay (Cisbio). All conditions were done in triplicate.
Lentiviral Constructs-The pLKO.1eGFP vector was constructed by replacing the puromycin gene in pLKO.1 with a BamHI-KpnI enhanced GFP PCR product. Three independent dsDNA sequences per target were designed using the Sigma Mission shRNA tool and inserted into AgeI-EcoRII-digested pLKO.1eGFP vector.
Lentiviral Infection Optimization-Pilot experiments as outlined in Table 1 showed that the GP-VSVG envelope protein coding vector (pMD2G) provided greater infection efficiency than GP-LCMV (pHCMV) as evaluated by GFP and titer (supplemental Fig. 1 a and Table 1 ). The optimized ratio selected for all experiments is highlighted in Table 1 . We found the best ratio of pMD2G vector to use by measuring LKB1 protein level (supplemental Fig. 1b) . Virus was packaged in HEK293T for 72 h with pLKO1.1-eGFP plasmid encoding GFP and shRNA (supplemental Fig. 1c ) and pMD2G and pCMV8.74 encoding coat and structural genes, respectively. 10 ml of culture supernatant was concentrated 100ϫ by ultracentrifugation at 28,000 rpm for 2 h on a 20% sucrose layer (supplemental Fig. 1d ) as described (30) . The shRNA library sequences for the screen are listed in Table 2 . Table 3 lists the additional shRNA constructs made against p18 and p21. The virus was then resuspended overnight at 4°C in serum-free PIMS medium without antibiotics, arrayed into 384-well screening plates, and stored at Ϫ80°C until use. The titer was determined using quantitative PCR lentivirus titration (titer) kit (Applied Biological Materials Inc.) according to the manufacturer's recommendations. In a direct comparison of crude versus concentrated virus (supple- mental Fig. 1 e) , we saw that concentrated virus resulted in greater knockdown efficiency and less toxicity than crude virus-treated cells using LKB1 shRNA and LKB1 protein levels as a readout (Fig. 1e ). Large T antigen was cloned into pLenti6/V5 destination (DEST) vector (Invitrogen) and packaged as described above. The following primers were used: SV40 T antigen forward, GGGGACAAGTTTGTACAAAA-AAGCAGGCTTCAGAACCATGGATAAAGTTTTAAACA-GAG, and SV40 T antigen reverse, GGGGACCACTTT-GTACAAGAAAGCTGGGTCTGTTTCAGGTTCAGGGGG-AGGTGTGGGAG.
The human p21 and p18 open reading frames were both cloned into pLenti6/V5 DEST vector (Invitrogen). shRNAresistant constructs were generated by the QuikChange Mutagenesis kit (Stratagene). The cDNA sequences used are listed in Table 5 .
Islet Cell Infection-Dissociated islet cells were infected at the time of seeding by adding the cell suspension to multiwell plates (96-or 384-well) in which purified adenovirus or lentivirus had been arrayed. After incubation for the indicated times, cells were fixed and processed for imaging or Western blot analysis. Lentiviral islet infection was performed with 1 l per well for TAg encoding virus and 2 l per well of shRNA concentrated virus in 384-well plate and 5 l per well in a 96-well plate.
Immunofluorescence-After seeding/infection (72 h), EdU was added to the medium (20 M) for the remaining time of the experiment, and medium was changed every 48 -72 h. At the appropriate time point, dissociated islet cells were fixed by adding 3.7% paraformaldehyde for 15 min at 37°C using a Multidrop Combi dispenser (Fisher), quenched with 0.75% glycine in PBS at room temperature, and gently rinsed twice with PBS using an automated plate washer (Biotek). All subsequent steps were performed at room temperature. Cells were permeabilized with 0.1% Triton X-100 in PBS for 20 min, rinsed with PBS 
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and blocked with 3% BSA in PBS for 2 h. Primary antibodies were incubated for 2 h at room temperature or overnight at 4°C. Secondary antibodies in 3% BSA in PBS were incubated for 1 h. Nuclei were stained with Draq5 (2.5 M) or Hoechst (5 g/ml) for 15 min. EdU detection was performed according to the manufacturer's protocol for 30 min in the dark, before the blocking step. Each step was followed by three washes in 1ϫ PBS performed using a BioTek 405CW multiwell plate washer. Western blotting was performed as described previously (30). Statistical Analysis consisted of two-tail unpaired t tests. NS or no asterisk ϭ not significant; p Ն 0.05; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
Imaging-Fluorescent images were captured using a PerkinElmer Life Sciences Opera automated confocal multiwell plate microscope fitted with a ϫ40 high NA water lens. Forty fields per well were acquired per fluorescent channel: blue 405 (Hoechst); green 488 (GFP); red 594 (insulin); and far-red 647 (EdU). For HTS, images were analyzed using an algorithm that calculates the number of infected cells (GFP ϩ ) that were also insulin ϩ (beta cells) and scored the presence of EdU in the nucleus. Each condition was done in triplicate. All cells identified as positive by the algorithm for both EdU and insulin were confirmed manually. 
Results
To enable HTS in primary human cells, we developed an imaging assay in 384-well microplates using freshly isolated human islets from non-diabetic male and female subjects. Donors were 16 -68 years and had body mass index ranging from 20 to 36 kg/m 2 . Fluorescence imaging using markers of the major islet endocrine lineages in dissociated islet cell preparations confirmed the expected ratio between beta cell (insulin-positive cells, 60% of total) to alpha and delta cell populations (glucagon and somatostatin-positive cells, 30% of total; Fig. 1a) . GSIS assays demonstrated a glucose-induced increase (2-8-fold) in insulin secretion over basal in islets from all donors, after dispersion and seeding as single cells in 384-well imaging plates even after long term culture (up to 32 days; Fig.  1b) .
The least time-consuming approach to performing HTS with RNAi is to use commercially available libraries of arrayed siRNA duplexes. However, lipid-mediated transfection of siRNA is both inefficient and interferes with central primary beta cell functions, including GSIS (data not shown) (31, 32) . In our hands, lentivirus-mediated delivery of shRNA confers knockdown in both rodent and human beta cells without adverse effects on beta cell function (30, 33, 34) . Furthermore, lentivirus infects target cells independent of the cell cycle stage, and the integration of the lentiviral genome delivery enables stable and long term silencing, a feature that is particularly important for slower growing or quiescent cells. To determine whether lentiviral shRNA delivery was feasible in human islet cells, we generated lentivirus using a modified pLKO1.1 vector that encodes shRNA and expresses enhanced green fluorescent protein (eGFP) to achieve maximal titer and infection efficiency ( Fig. 1c and Table 1 ). Lentivirus preparation was optimized to achieve Ͼ90% beta cell infection (Fig. 1d) and to increase knockdown reproducibility and avoid toxicity triggered by exogenous factors present in the supernatant from HEK293T viral packaging cells (Fig. 1e) . Importantly, GSIS observed with intact islets and dispersed cells was also unaffected by viral infection, confirming their integrity under screening conditions (Fig. 1f) .
To optimize cell attachment for automated processing during screening, we compared retention of dissociated human islet cells infected with lentivirus on surfaces previously used for culturing human islets (Fig. 2a) . Infection rates of endocrine cells were Ն90%, and the absolute number of beta cells retained was the same on all surfaces (Fig. 2, b and c) . However, the percentage of beta cells remaining attached following processing for imaging was highest on poly-D-lysine (PDL; Fig. 2d ). Moreover, a distinct non-islet fibroblast-like cell accumulated on all surfaces except PDL, which interfered with segmentation analysis (Fig. 2e ) and contributed to a false-positive signal (Fig.  2f) . To further improve segmentation efficiency, we imaged in a single plane 5 m from the bottom of the plate to avoid capturing these flatter non-endocrine cells (Fig. 2g) .
To perform a proof of principal screen, we generated a lentiviral library of shRNA sequences targeting known tumor suppressors and negative regulators of the cell cycle machinery (Table 2 ) and infected primary human islets cells according to the scheme in Fig. 3a . After 4 days of gene silencing, we performed Western blots on protein extracts from lentivirus-in- fected cells and confirmed efficient knockdown of several targets, including pRb, p53, CDKN1B/p27, and PTEN with one or more shRNAs (Fig. 3b) . Moreover, when PTEN was silenced, we observed an increase in phosphorylation of the PTEN target AKT at Ser-473 (35) , confirming functionality of this approach (Fig. 3c) .
To monitor cellular proliferation in dissociated islet cultures, we cultured islet cells with EdU, a thymidine analog that incor-porates into DNA during S-phase, as its high signal/noise is optimal for HTS imaging (36, 37) . Interestingly, dissociated human beta cells did not incorporate EdU or express Ki67 antigen following 10 days in culture indicative of stable quiescence (data not shown), confirming that beta cells are a useful model of post-mitotic cells. As preliminary screens using library shRNAs alone failed to reveal genes that block proliferation after 10 days of gene silencing, we next primed human islet cells to enter the cell cycle by co-infecting human islet cells with lentivirus that expresses SV40 large T antigen (TAg), similarly achieving Ͼ90% infection rate in beta cells (Fig. 3, d and e) . Surprisingly, but consistent with the proliferative intransigence of primary human cells, only 1-3% of insulin ϩ cells infected with TAg-V5 incorporated EdU after 2 weeks in culture (Fig. 3f) , compared with 18% of non-beta cells (Fig. 3g) or fibroblasts (Fig. 3h) .
Given these observations, we next repeated the screen to determine whether silencing cell cycle genes in cells expressing TAg would result in an increase in EdU incorporation. We performed three independent screens using islets from different donors ( Fig. 4a ; see Table 4 for donor information), all of which exhibited ZЈ-factors between 0.46 and 0.80 indicative of a robust assay with a high degree of fidelity (38) . To eliminate potential false positives due to a low number of beta cells, Z scores (representing the number of standard deviations a candidate gene scored above the mean of the total population in the library) for both the absolute number of proliferating beta cells and the percentage of proliferative beta cells were determined and presented for each screen. Z scores and % EdUϩ cells for each screen are provided in Table 5 . In each screen, silencing the CDK inhibitors CDKN2C/p18 or CDKN1A/p21 resulted in a statistically significant 2.6 -6.1-fold increase in EdU-positive cells, with Z scores Ͼ2. Fluorescence micrographs taken from the screen, histograms showing the percentage of insulin and EdU double-positive cells, together with Western blots for cells silenced for p18 (Fig. 4 , b-e) and p21 (Fig. 4, f-i) are shown.
To validate p18 and p21 as regulators of beta cell quiescence, first we silenced p18 or p21 with an additional shRNA for each gene and observed increased EdU incorporation, confirming the screen results (Fig. 5, a and b) . Importantly, reintroduction of cDNAs encoding shRNA-resistant p18 or p21 proteins in the presence of the corresponding shRNAs reduced EdU incorporation to levels seen in control cells (Fig. 5, c and d) . These data confirm that the observed proliferative enhancement results from an on-target effect of the shRNAs targeting p18 and p21. Furthermore, silencing both p18 and p21 together elicited a synergistic increase in EdU incorporation in beta cells (Fig. 5e) but no other cells in the human islet cell cultures (Fig. 5f) , indicating that p18 and p21 function in independent pathways to maintain beta cell quiescence. Importantly, knockdown of these two candidates did not affect insulin secretion capacity in dispersed and intact islets, showing functional viability of beta cells (Fig. 5, g and h) . However, when the intensity of insulin staining in EdU ϩ versus EdU Ϫ dispersed beta cells is compared in cells where we observed the greatest percentage of proliferating cells (i.e. in cells expressing TAg and silenced for p18 ϩ p21), EdU ϩ beta cells had 30% less insulin than EdU cells (Fig.  5i) , consistent with dedifferentiation of proliferative beta cells.
Discussion
Here, we demonstrate the feasibility of genetic HTS using limited freshly isolated primary human tissue and identify the cell cycle inhibitors p18 and p21 as required for maintenance of adult human beta cell quiescence. Furthermore, we adapt this strategy to use with primary human neurons, expanding beyond cell lines the systems that can be used to identify disease-relevant genes.
Silencing p18, p21 alone or together increased S-phase entry of human beta cells only in the presence of SV40 TAg. TAg inhibits pRb and p53 activity and thus short circuits entry into the G 1 and S stages of the cell cycle (39) . p18 inhibits cyclin-CDK4/CDK6 complexes that are required for G 0 /G 1 progression (40) , and p21 prevents G 1 progression and entry into S phase by blocking cyclin-CDK2/CDK4 activity (41, 42) . Taken together, our data indicate that mature beta cells reside in G 0 /G 1 and that silencing p18 and p21 lowers the threshold for G 1 /S phase entry. Furthermore, genetic rescue with RNAi-resistant p18 and p21 constructs establishes these CDK inhibitors as bona fide targets to facilitate human beta cell cycling behavior. Of note, mild overexpression of p18 or p21 (Fig. 5, b and c) reduces proliferation in control cells, indicating that proliferative potential in human beta cells is finely tuned to the levels of these two CDK inhibitors. Parenthetically, we did not observe an effect of silencing the CDK inhibitor CDKN1C/p57 (43) perhaps due to insufficient silencing in this context. Recent work indicates that the small molecule harmine, which targets serine/threonine kinases in the CMGC branch of the kinome, can induce 1% of human beta cells to proliferate (44) , but its precise target(s) remains unclear. Interestingly, under the same assay conditions Ͼ8% of rodent beta cells proliferate following harmine treatment, supporting the observations that adult human beta cells have evolved additional safeguards against inappropriate proliferation (17) (18) (19) (20) . Consistent 3) or p21 with two shRNAs (p21.2 and p21.4) alone or together. Western blot at right shows knockdown of p18 and p21 in p18.3 ϩ p21.4 condition. * indicates a nonspecific band detected with p21 antibody. n ϭ 3 independent biological replicates done in triplicate for c-e. n.s., p Ͼ 0.05; *, Յ 0.05; **, Յ 0.01; ***, Յ 0.001, two-tailed unpaired t test. f, histogram showing the percentage of EdU ϩ , TAg ϩ , insulin-negative cells infected with control non-silencing shRNA (CON) or shRNA targeting p18 (p18 sh3) or p21 (p21 sh2). ns, not significant, p Ն 0.05, two-tailed unpaired t test. g, islets were dissociated and plated on poly-D-lysine-coated plates and infected with TAg in combination with empty vector control (CON) virus, or p18 and p21 silencing. GSIS was performed following 3 days. h, intact islets were infected with TAg in combination with control vector (CON) or p18 and p21 silencing. GSIS was performed 10 days after infection. Bars indicate the mean of three independent donors Ϯ S.E. i, insulin staining intensity in EdU ϩ and EdU-beta cells, calculated with Columbus software. Bars represent the mean of insulin intensity per cell, based on all insulin ϩ cells in the experiments shown in e (TAg ϩ sh-p18.3 ϩ sh-p21.4). ns, not significant, p Ն 0.05; *, p Յ 0.05, two-tailed unpaired t test.
with this, we achieve only ϳ15% EdU incorporation by silencing p18 and p21 together in the presence of TAg, suggesting that multiple redundant mechanisms likely evolved to limit inappropriate S-phase entry and the development of fatal beta cell-derived tumors. As a consequence, intervening to elicit cell proliferation raises concerns about the possibility of neoplastic growth. Thus, it stands to reason that strategies designed to restore lost or damaged tissue must be subject to reversal. Interestingly, these molecular impediments can be overcome in physiological scenarios such as pregnancy in both rodents and humans (45) (46) (47) (48) . We contend that identification and validation of these targets will require a genetic approach. Both p18 and p21 were identified as hits using islets from independent donors, supporting the feasibility of pooling islets from multiple donors for larger scale RNAi screens (28, 49) . We anticipate that such studies will provide a comprehensive functional framework to permit precise control over the proliferative behavior of primary cells, with potentially broad general application to regenerative approaches in multiple settings.
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